Introduction {#S1}
============

Senescence is a response to stress that limits the proliferation of damaged or aged cells. The link between telomeres, senescence and aging has become well accepted, however, it remains unclear how the localized signal at shortening telomeres is translated to a nucleus-wide response, impacting the cell on a global scale. Here we suggest a mechanism, in which telomere shortening over successive generations represents a source of chronic DNA damage within the cell that leads to a destabilization of the histone biosynthesis pathways.

Several studies indicate precedence for the sensitivity of histone biosynthesis pathways to genomic stress. Under conditions that impede DNA synthesis, histone mRNA production is post-transcriptionally curtailed [@R1],[@R2]. Recent studies have shown that altered expression of histone chaperones CAF1 and Asf1 confers greater sensitivity to replicative stress in S-phase in mammalian cells [@R3],[@R4]. In fact, histone acetylation also appears to be responsive to DNA damage and involved in the repair of lesions in DNA independently of S-phase [@R5],[@R6]. Thus, defects in chromatin assembly can lead to loss of epigenetic information, impair cellular function and contribute to cellular aging.

We hypothesized that chronic exposure to DNA damage signals, such as those emitting from shortening telomeres during replicative aging, affect histone biosynthesis. Here we demonstrate that synthesis of new histones is reduced upon aging in culture of human diploid fibroblasts (HDFs). This coincides with reduced levels of SLBP and histone chaperones Asf1 and CAF1, implicating intrinsic changes in histone biosynthesis and chromatin assembly. As a result, the abundance and cell cycle distribution of post-translational histone modifications is altered. These changes participate in a self-enforcing regulatory loop that ultimately affects telomeric and non-telomeric chromatin. Therefore telomere erosion over successive generations appears to trigger genome wide epigenetic adaptation. We propose that this may represent a mechanism, through which telomeric stress is amplified such that it impacts the cell on a global level and eventually leads to growth arrest.

Results {#S2}
=======

Reduction of histone levels upon DNA damage and replicative aging {#S3}
-----------------------------------------------------------------

When cycling early passage IMR90 fibroblasts were cultivated under conditions of chronic damage due to the presence of bleomycin, H3 and H4 levels were found lowered in a dose dependent manner ([Fig. 1a](#F1){ref-type="fig"}, [Supplementary Fig. 2b](#SD1){ref-type="supplementary-material"}). Down regulation of histone synthesis was independent of p53 and pRB, since less H3 and H4 was expressed in HCT116 cells with and without functional p53 [@R7] and IMR90 cells expressing HPV16 E6 and E7 oncoproteins ([Supplementary Fig. 2a](#SD1){ref-type="supplementary-material"}). We concluded that histone synthesis is sensitive to damage signaling.

To investigate the effects of telomere shortening on histone expression we compared H3 and H4 expression in early and late-passage IMR90 and WI38 fibroblasts ([Fig. 1b](#F1){ref-type="fig"}). Consistent with the hypothesis that the shortening of telomeres induces damage signals, which affects histone synthesis, we found reduced H3 and H4 expression in the late-passage cells ([Fig. 1b](#F1){ref-type="fig"}). To analyze the expression of histones during the cell cycle and replicative aging we investigated synchronized early and late-passage HDFs that were maintained from population doubling (PD) 20 to replicative senescence at PD85. To address the events that lead to telomere erosion associated replicative senescence, we compared early and late populations of cycling cells with similar cell cycle dynamics. To clarify the distinction between late-passage cycling (PD75) and post-mitotic senescent (PD85) cultures we performed flow cytometry of the cell cycle of PD30, PD75 and senescent cells by propidium iodide (PI), H3S10 phosphorylation and BrdU incorporation. Staining of exponentially growing asynchronous cultures showed a 4% increase in G1 cells at PD 75 (63%) when compared to PD30 (59%) ([Supplementary Fig. 1a](#SD1){ref-type="supplementary-material"}). We noted small decreases in H3S10ph (1.95% at PD30 vs. 1.75% at PD75) ([Supplementary Fig. 1b](#SD1){ref-type="supplementary-material"}) and BrdU positive cells (31% at PD30 vs. 27% at PD75) ([Supplementary Fig. 1c](#SD1){ref-type="supplementary-material"}). These differences are marginal when compared to those obtained from senescent cultures (PD85), which showed a 17% increase in cells in G1 and almost complete loss of mitotic and BrdU incorporating cells ([Supplementary Fig. 1a](#SD1){ref-type="supplementary-material"}). Further analysis of the cell cycle of synchronized early and late passage cells revealed subtle differences in S-phase between the cell cycle profiles, although the staging of the individual phases was identical ([Supplementary Fig. 1d](#SD1){ref-type="supplementary-material"}). We observed that upon aphidicolin removal 10--15% less late passage cells exit G1/S and enter S-phase (T=2hrs, PD30 at 53% vs. PD75 at 38%; T=4, PD30 at 37% vs. PD75 at 27% ([Supplementary Fig. 1d](#SD1){ref-type="supplementary-material"}). To address whether this represented differences in the competency of late passage cells to replicate we synchronized both early and late passage cells and pulsed cells with BrdU for 1hr prior to harvesting. Analysis of 2 hr intervals revealed that slightly fewer cells enter S-phase, but that there were no differences in cell cycle dynamics and the timing of S-phase ([Supplementary Fig. 1e](#SD1){ref-type="supplementary-material"}). Therefore, cells at PD75 displayed similar cell cycle dynamics as cells at PD30, even though small delays in cell cycle progression exist.

Western analysis of PD30 and PD75 cells across the cell cycle revealed that levels of histones H3 and H4 were reduced in late-passage cells and the accumulation of histones was more restricted to early S-phase ([Fig. 1c, 1d](#F1){ref-type="fig"}). The stem loop binding protein SLBP binds tightly to the conserved hairpin at the 3' end of histone mRNAs and is required for their translation [@R8]. SLBP itself displayed its peak expression level in S phase [@R9] ([Fig. 1c, 1d](#F1){ref-type="fig"}). Comparing expression levels of SLBP in PD30 and PD75 cells revealed that this regulation of SLBP was lost in late passage cells and less protein was expressed in S phase ([Fig. 1c, 1d](#F1){ref-type="fig"}). SLBP was also down regulated upon chronic exposure to bleomycin ([Supplementary Fig. 2b](#SD1){ref-type="supplementary-material"}). Histone H1 was not found down regulated ([Supplementary Fig. 2c](#SD1){ref-type="supplementary-material"}), demonstrating that not all histones respond equally to replicative aging and damage signaling.

Next we examined histone chaperones Asf1a/b and CAF1-p150/p60 during the cell cycle and found the levels of these factors substantially reduced in late passage cells ([Fig. 1c, 1d](#F1){ref-type="fig"}). It has been suggested that PCNA (proliferative cell nuclear antigen) couples DNA replication and the restoration of the parental epigenome through interactions with histone chaperones [@R10],[@R11]. This was reinforced here by the finding that PCNA levels were reduced in PD75 cells.

To biochemically quantify changes in histone synthesis in PD30 and PD75 cells, we applied SILAC ([s]{.ul}table [i]{.ul}sotope [l]{.ul}abeling with [a]{.ul}mino acids in [c]{.ul}ell culture), where labeling of cells with L-methionine (methyl-^13^CD~3~) allowed us to monitor the biosynthesis of new histones during a single cell cycle by quantitative mass spectroscopy, which is especially important for H3, since western analysis cannot distinguish between H3 variants. We observed a 43% and 47% reduction in the production of H3 and H4 in late-passage cells, respectively ([Fig. 1e](#F1){ref-type="fig"}). A concern with many *in vitro* studies of replicative aging is the possibility that there is an accumulation of post-mitotic senescent cells, represented as G1 in flow cytometry, thereby producing a mosaic of cells that are at different stages in their proliferative lifespan. To rule out any possible bias we labeled cells with Hoechst and sorted pure populations of cycling G1 and S/G2/M cells [@R12] ([Supplementary Fig. 2d](#SD1){ref-type="supplementary-material"}). Examination of H3 and H4 levels in these separate fractions again showed the most prominent loss of histones H3 and H4 in the cycling fractions of late-passage cells ([Supplementary Fig. 2e](#SD1){ref-type="supplementary-material"}). Therefore, the changes we observed do not arise from heterogeneity of cell populations.

Having confirmed the deregulation of histone production we rationalized that the establishment and maintenance of epigenetic histone marks during replicative ageing could be affected. Several of these marks, such as H2AX, H3K9ac, H3K56ac, H3K79me2, and H4K20me2 have been implicated in the response to DNA damage and replicative stress. Indeed, chronic exposure to bleomycin altered the levels of H3K56ac, H3K79me2 and H4K20me2 in a stringently dose dependent ([Supplementary Fig. 2f](#SD1){ref-type="supplementary-material"}) and checkpoint dependent manner [@R6] (data not shown). Therefore, it was likely that epigenetic marks would also respond to age related accumulation of DNA damage.

SILAC labeling followed by mass spectroscopy facilitates the analysis of changes in parental and newly catalyzed abundant marks such as H3K9 and H4K20 methylation. We analyzed the percentages of unmodified residues and of mono-, di- and tri-methylation of H3K9 and H4K20 in early and late-passage cells and observed a 66% reduction of both total H3K9me2 and H3K9me3 with a simultaneous increase of H3K9me1, which was largely newly catalyzed ([Fig. 1f](#F1){ref-type="fig"}). In contrast, we found a 30% increase in H4K20me2, and detected a \~30% reduction of unmodified H4K20 and complete loss of H4K20me3 during cellular aging ([Fig. 1f](#F1){ref-type="fig"}). Despite the depletion of newly synthesized histones by \~50%, the abundance of many histone modifications did not mirror this degree of reduction. Rather, these data potentially suggested the altered activities of chromatin modifying enzymes, such as those regulating the transition of H3K9me1 to H3K9me3 and the H4K20me2 KMTs during cellular aging.

Redistribution of histone modifications across the cell cycle {#S4}
-------------------------------------------------------------

Next, we examined the cell cycle distribution and dynamics of histone acetylation and methylation events, since these marks provide an indicator of the state of epigenetic regulation [@R13]. We used site-specific antibodies that detect acetylated and methylated states of lysine residues ([Supplementary Table 1](#SD1){ref-type="supplementary-material"}) in synchronized cell populations. H3K4 and H3K27 have been associated with activation and repression of transcription [@R14]. In PD30 cells, H3K4me1 and H3K4me2 were present across the cell cycle, whereas H3K4me3 was enriched specifically at the end of S-phase and G2 ([Fig. 2a](#F2){ref-type="fig"}, Left Panel). We observed a similar pattern of H3K27me1, H3K27me2 and H3K27me3, although H3K27me3 was enriched in S-phase and in G2/M. In PD75 cells, we observed a redistribution of these marks. There was less H3K4me1 and H3K4me2 appeared restricted to early S-phase ([Fig. 2a](#F2){ref-type="fig"}, right panel). H3K4me3 exhibited a bi-phasic distribution in early S-phase and G2/M. The distribution of H3K27me1 and H3K27me2 was largely similar to that observed in early passage cells, however, H3K27me3 was enriched most prominently in G2/M. Recent biochemical studies of polycomb, which can associate with H3K27me3 via its chromodomain [@R15], have suggested a role in DNA replication [@R16]. The changes in both H3K4me3 and H3K27me3 that we observed in late-passage cells potentially represents alterations in both the transcriptome and in replication dynamics [@R17]. Quantifications are provided in [Supplementary Fig. 3](#SD1){ref-type="supplementary-material"}.

Methylation of H3K9 and H4K20 has been implicated in heterochromatin formation and maintenance. Analysis of these marks revealed interesting features in PD30 cells: (I) They were enriched in G1, removed during S-phase and re-established in G2/M, much like the patterns of H3K9me in fission yeast [@R18],[@R19]. (II) The loss of H3K9me3 coincided with the increase in H3K9me1 and H3K9me2 in S-phase, likely reflecting the dynamic demethylation of H3K9me3 and/or progressive transition from H3K9me1 to H3K9me3 via H3K9me2. This is reminiscent of chromatin in Suv39h^−/−^ mouse cells suggesting reduced Suv39h activity during replicative aging [@R20]. (III) H3K9me3 and H3K9ac appeared to be marks, which are exclusive within the cell cycle, with H3K9ac becoming more abundant as the tri-methylation of H3K9 was removed. As previously shown by mass spectroscopy ([Fig. 1f](#F1){ref-type="fig"}), we observed a \~30% reduction in H3K9me3 and H3K9me2 in PD75 cells, whereas H4K20me3 was almost completely lost. This loss has been confirmed in the cell cycle western analysis here in PD75 cells ([Fig. 2b](#F2){ref-type="fig"}).

Several histone modifications have been linked with the propagation of epigenetic memory at replication forks as well as in the repair of DNA lesions. In PD30 cells we observed that acetylation of H4K5, H3K9 and H4K16 and H3K56 was elevated throughout S-phase and extending into G2 ([Fig. 2c](#F2){ref-type="fig"}, left panel). H4K20me2 and H3K79me2 were enriched across S-phase/G2 chromatin. These marks have strong links to chromatin replication (H4K5ac), compaction (H4K16ac) and transcriptional control and DNA damage sensing (H3K9ac, H3K56ac, H4K20me2 and H3K79me2). In PD75 cells H3K5ac, H3K9ac and H4K16ac, substrates for SIRT2 [@R21] and SIRT6 [@R22], displayed a prominent enrichment in early S-phase with an additional H3K5ac and H4K16ac enrichment in G2 ([Fig. 2c](#F2){ref-type="fig"}, right panel). The strong correlation between the pattern of H4K5ac and chromatin replication could be indicative of altered DNA replication dynamics in late-passage cells. H3K56ac did not exhibit this common pattern. Rather, there was substantial reduction in PD75 cells. Normally, K56ac is required for chromatin assembly during replication and marks the completion of chromatin assembly following DNA repair [@R23], but is lost in response to persistent DNA damage [@R6]. The correlation between removal of this mark and the loss of proliferative capacity in replicative aging could indicate an epigenetic checkpoint. In cancer cells this mark persists by an unknown mechanism [@R5]. H3K56 can be deacetylated by SIRT1 and SIRT2 [@R5], enzymes found upregulated in late passage cells ([Fig. 2c](#F2){ref-type="fig"}), pointing out the direct link between changes in the levels of modifying enzymes and their targets. Notably, several lines of study have shown that the accumulation of H3K56ac is Asf1a/b dependent. Asf1a/b expression is regulated by E2F [@R24] and can be also be limited by replicative stress [@R25]. Therefore, it appears that the levels of H3K56ac, and potentially other S-phase modifications, are dictated by the availability of Asf1a/b and can be differentially affected by distinct checkpoints. This is further emphasized by the similar changes that we observed for H3K9ac, H4K20me2 and H3K79me2, marks that are linked with DDR and checkpoint control [@R26]. As with several states of acetylation, each exhibited a single prominent enrichment in early S-phase with an additional enrichment in G2 ([Fig. 2c](#F2){ref-type="fig"}, right panel). Therefore, it appears clear that the epigenome of late-passage cells is under considerable strain.

Biphasic activation of DDR in late-passage cells {#S5}
------------------------------------------------

We suggest that the changes observed in late passage cells were a response to chronic stress. By analyzing several key players in the DDR, we sought to pinpoint the cell cycle stage at which the response was activated. ATM serine 1981 phosphorylation (γ-ATM) was increased in PD75 cells, where analysis of the cell cycle expression revealed peaks in early S phase and G2/M. ATR expression in early-passage cells was confined to S and G2 phases, consistent with the kinases' role during replication. RPA32, an important ATR target that facilitates resection and subsequent repair at breaks, exhibited a virtually identical change in its expression as that of ATR ([Fig. 3](#F3){ref-type="fig"}, [Supplementary Fig. 4](#SD1){ref-type="supplementary-material"}).

A key trigger of downstream DDR signaling is remobilization of the MRN complex [@R27], which acts as a transducer of both γ-ATM and ATR signaling to downstream targets, including Chk2 and Rad17. Phosphorylation of Rad17 has been implicated in the stabilization of proteins such as PCNA and RPA32 at stalled forks to facilitate repair [@R26]. Chk2 plays a role in the suppression of the oncogenic potential of DNA lesions by activating the G2/M checkpoint [@R28]. Thus, we compared the cell cycle expression of NBS1, Rad17 and Chk2 in early and late-passage cells. NBS1 expression in PD75 cells was shifted to early S-phase but there was no additional G2/M peak. NBS1 serine 343 phosphorylation was observed in both populations during early S-phase ([Fig. 3](#F3){ref-type="fig"}, [Supplementary Fig. 4](#SD1){ref-type="supplementary-material"}). Rad17 was expressed throughout the cell cycle of both populations, but the ATR dependent phosphorylation at serine 645 was observed only in PD75 cells ([Fig. 3](#F3){ref-type="fig"} right panel, [Supplementary Fig. 4](#SD1){ref-type="supplementary-material"}). The γ-ATM target Chk2 threonine 68 was observed uniquely in phosphorylated state in PD75 cells, and displayed a similar biphasic pattern as γ-ATM.

While we observed p53 phosphorylation and increased p21 expression in late passage cells, this DDR was not sufficient to induce cell cycle arrest ([Fig. 3](#F3){ref-type="fig"}, [Supplementary Fig. 4](#SD1){ref-type="supplementary-material"}). One reason might be the failure to target genes that are regulated by the activity of cyclin dependent kinases (CDKs). In early and late passage cells the expression patterns of cyclins A, B1 and D1 were altered, which is consistent with the slight delay in cell cycle dynamics observed ([Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}). We detected a decline in cyclin A and an increase in cyclin D1, suggesting that cells that approach the end of their replicative life span start to display a deregulation of cyclin/cdk complexes ([Fig. 3](#F3){ref-type="fig"}). Furthermore, the finding that late-passage cells cycle similarly to PD30 cells in the presence of an active DDR suggest that cells can tolerate a certain level of damage signaling without exiting the cell cycle.

Expression of telomerase resets the epigenome of late-passage cells {#S6}
-------------------------------------------------------------------

To investigate whether changes in histone metabolism play a role in human aging we compared fibroblasts from a young individual (GM00038, 9 years) with those from an old individual (AG09602, 92 years) [@R29] and found altered expression of H3, H4, SLBP and Asf1a/b in the old cells ([Fig. 4a](#F4){ref-type="fig"}). Similarly to late passage IMR90 fibroblasts H3K79me2 and H4K20me2 displayed a more pronounced biphasic expression pattern in the old cells. Down regulation of H3 and H4 has been confirmed by SILAC, which demonstrated a \~50% decline in their synthesis in the old cells ([Fig. 4b](#F4){ref-type="fig"}), suggesting that down-regulated histone synthesis and epigenetic changes are an integral part of aging.

Next we addressed whether the epigenetic changes were reversible by elongating the telomeres in PD75 cells. Only the expression of the wt hTERT allele led to detectable telomerase activity, telomere elongation and continuous cell growth beyond PD80, whereas control cells or cells expressing an inactive hTERT allele [@R30] senesced rapidly ([Supplementary Fig. 5a,b](#SD1){ref-type="supplementary-material"}). Analyses of the patterns of epigenetic marks and DDR proteins revealed that expression of 53BP1 and RPA32, which were substantially altered in PD75 cells ([Fig. 3](#F3){ref-type="fig"} right panels), were reduced to levels similarly to early passage cells ([Fig. 4c](#F4){ref-type="fig"}, [Supplementary Fig. 5d](#SD1){ref-type="supplementary-material"}). Likewise, the expression levels of histones H3 and H4 returned to near those of early passage cells, which we confirmed by SILAC ([Fig. 4c](#F4){ref-type="fig"}, [Supplementary Fig. 5e, f](#SD1){ref-type="supplementary-material"}). P53S15 and Chk2T68 phosphorylation declined sharply, indicating that DNA damage signaling pathways were deactivated by telomerase-dependent rescue of short telomeres ([Supplementary Fig. 5c](#SD1){ref-type="supplementary-material"}). Analysis of the cell cycle distribution of ChkT68 and RAD17S645 expression demonstrated that these marks are no longer expressed in hTERT expressing cells ([Supplementary Fig. 5d](#SD1){ref-type="supplementary-material"}). We no longer observed the biphasic distribution of H4K5ac, H4K20me2 or H3K79me2 that was seen in PD75 cells and expression was now restricted to a single peak in S/G2 phase ([Fig. 4c](#F4){ref-type="fig"}, [Supplementary Fig. 5d](#SD1){ref-type="supplementary-material"}), as in PD30 cells ([Fig. 2c](#F2){ref-type="fig"}, left panel). The second H4K20me2 peak in G2 was still visible, suggesting that not all marks have returned to the level of early passage cells yet. Given the association of these marks with replicative stress and DDR, the restoration of these patterns reflects a cessation of DDR activation. Furthermore, SLBP and Asf1a/b are again readily detectable upon telomere elongation. These data suggest that telomere stabilization in late-passage cells is sufficient to render them indistinguishable from early passage cells and strongly supports our view that the chronic stress associated with telomere shortening is the dominant signal that initiates the cellular senescence program. Our experiments suggest that changes in telomere integrity affect histone synthesis and genome wide chromatin structure and address the implications of expressing telomerase in pre-senescent cells, namely by reprogramming the epigenome.

A boundary distinguishes telomeric and sub-telomeric regions {#S7}
------------------------------------------------------------

Next we investigated whether telomere erosion would impact telomeric chromatin itself. We compared the distribution of epigenetic marks at TTAGGG repeats with the subtelomeric 17P region by ChIP. Comparison of TRF1 and TRF2 occupancy of telomeres revealed reduced levels in PD75 cells ([Fig. 5a](#F5){ref-type="fig"}, upper panel, [Supplementary Fig. 6](#SD1){ref-type="supplementary-material"}). As expected TRF1 and TRF2 were absent at subtelomeric regions ([Fig. 5a](#F5){ref-type="fig"}, lower panel). Analysis of histone H3 in PD30 cells suggested that telomeres contained fewer nucleosomes than 17P ([Fig. 5a](#F5){ref-type="fig"}, [Supplementary Fig. 6](#SD1){ref-type="supplementary-material"}). In PD75 cells, telomeres displayed an even more pronounced loss of nucleosomes ([Fig. 5a](#F5){ref-type="fig"}, right panel, [Supplementary Fig. 6](#SD1){ref-type="supplementary-material"}). However, we acknowledge that due to differences in probes used we can only detect relative changes in protein occupancy and not absolute protein amounts, limiting the ability to compare histone binding between telomeres and 17P.

53BP1 was not detectable at telomeres or sub-telomeric chromatin in early-passage cells, but accumulated during S-phase in PD75 cells ([Fig. 5a](#F5){ref-type="fig"}, [Supplementary Fig. 6](#SD1){ref-type="supplementary-material"}). Analyzing the major histone marks at telomeric and subtelomeric chromatin, we unexpectedly found the levels of H3K9me3, H4K20me3 and H3K27me3 to be relatively low (data not shown), indicating a clear distinction between human and mouse telomeric chromatin [@R31]. Telomeres in laboratory-mice not only differ from human telomeres in that they are much longer, but also in that murine telomeres display extensive H3K9me3 and H4K20me3 methylation, hallmarks of constitutive heterochromatin [@R31]. Consideration of these data and the changes in global cell cycle distribution of histone modifications between early and late-passage cells prompted us to look primarily at those marks that are redistributed during S-phase. Detailed interrogation demonstrated that telomeres in PD30 cells are hypo-acetylated at H4K16 and hypo-methylated at H3K79me2, whereas each of these were strongly enriched at the sub-telomeric region ([Fig. 5a](#F5){ref-type="fig"}, [Supplementary Fig. 6](#SD1){ref-type="supplementary-material"}). However, in PD75 cells H4K16ac displayed S-phase enrichments at telomeres, while it was reduced at 17P. We observed a shift in H4K20me2 from late S-phase/G2 in early-passage cells to early S-phase in late-passage cells at both telomeres and 17P. Both, the S phase enrichment of H4K16ac and the shift in H4K20me2 were reversed by telomerase expression (data not shown). Based on this evidence we suggest that the interplay of epigenetic marks at human telomeres mirrors that of the telomeric heterochromatin boundary of *S. cerevisiae* [@R32].

In yeast, shortened or damaged telomeres replicate earlier in the cell cycle [@R33]. The S-phase associated changes in DDR protein expression and redistribution of histone modifications that we observed raised the possibility that replication dynamics of telomeres and sub-telomeric regions are altered during the cellular aging process. Assaying for BrdU incorporation at different regions in the genome during the cell cycle revealed that telomeres in early passage cells replicated throughout S-phase into G2, whereas telomeres of PD75 cells replicated much earlier, with BrdU incorporation largely complete by the end of S-phase ([Fig. 5b](#F5){ref-type="fig"}). The sub-telomeric 17P completed replication hours earlier than telomeres in early passage cells, but in late passage cells the replication timing of 17P was relatively unchanged.

Discussion {#S8}
==========

We propose a model in which the chronic stress signal generated by shortening telomeres leads to down regulation of H3 and H4 synthesis. This alters Asf1 expression and function and as a result, the capacity to faithfully restore the chromatin landscape following replication and DNA damage chromatin is progressively limited as cells age. This serves to amplify the DDR signal of telomere shortening by further abrogating the histone-chaperone equilibrium, and illustrates how localized damage signals at telomeres can be translated genome-wide. The loop continues until changes in the chromatin environment at telomeres facilitate the invasion of damage markers into the TTAGGG repeats beyond a threshold that the cell can tolerate, which prompts irreversible cell cycle exit and senesce ([Fig. 5c](#F5){ref-type="fig"}). Since all these effects can simply be suppressed by elongation of telomeres points towards short telomeres as the main inducer of cellular senescence.

Histone synthesis during replicative aging {#S9}
------------------------------------------

Even slight changes in the histone-DNA equilibrium disrupt DNA synthesis, compromise chromatin architecture and challenge cell viability [@R34],[@R35]. Transient replicative stress activates mechanisms that curtail the production of histones [@R36]. SLBP is required for histone pre-mRNA processing [@R37], export of histone mRNA and stimulates histone translation. RNAi of SLBP causes proliferation defects, presumably by compromising the reconstitution of adequate levels of S-phase histones. Asf1 regulates chromatin structure by promoting chromatin disassembly, accepting histones from parental DNA strands, and promoting their deposition to daughter strands via other histone chaperones [@R38]. Under conditions of replicative stress there is a notable increase in the association of histones with Asf1, thought to reflect a "histone buffer" to be utilized as soon as chromatin assembly proceeds [@R3]. In human cells, even a marginal increase of histones impeded Asf1 function and prevented chromatin disassembly, indicating that changes in the level of histones in the cell can directly influence the properties of proteins involved in their biogenesis [@R38]. The depletion of Asf1 resulted in a similar failure to complete S-phase following release from a replicative block. We observed that the production of new histones was reduced in late-passage cells. This decline might correlate with the destabilization of Asf1 activity, prompting degradation of histones, and also with reduced expression of SLBP, leading to less efficient translation of histone messages.

Genome-wide chromatin reorganization during replicative aging {#S10}
-------------------------------------------------------------

We observed that acetylation of H3K9, H3K56, H4K5 and H4K16 is distributed throughout S-phase and G2/M and that distribution of these marks was highly responsive to the epigenetic changes during cellular aging, as has been observed for H4K16 during aging in yeast [@R39]. We noted increases in H3K9ac and H4K16ac and a bi-phasic cell cycle distribution for those marks, as well as for H4K5ac. In contrast H3K56ac was substantially reduced, potentially due to targeting by multiple SIRT histone deacetylases [@R5],[@R40], or more likely, due to lower levels of Asf1 and Caf1 [@R23],[@R41],[@R42]. The correlation between H3K56ac and the loss of proliferative capacity in replicative aging might indicate that the removal of this mark represents an epigenetic checkpoint, as has been suggested in yeast [@R43].

In contrast to histone acetylation that can exist on unassembled histones, the establishment of several methyl-marks requires a nucleosomal substrate [@R44]--[@R46]. Therefore, it is likely that changes in histone acetylation are likely to influence other chromatin modifications. Genetic studies have shown a requirement for H4K16ac for H3K79me2 to be set, whereas H4K20me2 is inhibited by this mark [@R47],[@R48]. We showed that the cell cycle distribution of acetylation, H4K20me2 and H3K79me2 largely overlapped and their redistribution correlated with that of 53BP1 and DDR proteins. Thus it is possible that changes in histone acetylation, H4K20me2 and H3K79me2 on replicating chromatin serves as a genome surveillance mechanism that provides a chromatin environment conducive to repair of lesions and reactivation of stalled forks.

A new link for telomeres in replicative senescence {#S11}
--------------------------------------------------

Critically short telomeres are often invoked as the principal determinant of the replicative potential of cells, however, TTAGGG repeats in senescent cells have by no means been exhausted. The accumulation of 53BP1 (or γH2AX) at dysfunctional telomeres has been observed in senescent cells [@R49], as well as at telomeres devoid of TRF2 and Pot1 [@R50],[@R51]. In the latter case binding of 53BP1 appears to be at least in part dependent on the accumulation of H4K20me2 and has been shown to alter the local chromatin environment to promote NHEJ [@R52]. Therefore, similar changes are likely to occur, albeit at reduced kinetics and levels, during replicative senescence and acute telomere uncapping.

Here we have identified a chromatin boundary as a novel feature of human telomeres. This boundary is defined by four factors: (I) the start of the telomeric sequence, (II) the potential decline in nucleosome occupancy between sub-telomeric regions and telomeres, (III) the TRF proteins and (IV) the differential distribution of histone modifications across sub-telomeric and telomeric regions.

The model implies that the association of DDR proteins with telomeres is proportional to the stability of the boundary. Therefore, as a result of the chronic DDR at shortening telomeres and due to reduced histone biosynthesis over the course of several generations this boundary is destabilized. Notably, this boundary is strongly reminiscent of the heterochromatic boundary that exists at telomeres in *S. cerevisiae,* where differential accumulation of H4K16ac and H3K79me between telomeres and adjacent regions are proposed to generate a barrier for the spreading of telomeric heterochromatin [@R32],[@R48]. Much like our observations made in human cells, telomeres in budding yeast are normally hypoacetylated and hypomethylated. The general similarities between telomeres in aging yeast and human cells suggest that the loss of histones during aging could be an evolutionary conserved mechanism that regulates replicative lifespan, employing changes in telomere structure or metabolism, particularly during S-phase of the cell cycle.

Methods {#S12}
=======

Cell lines, culture and treatments {#S13}
----------------------------------

Early passage (PD25) IMR90 HDFs (ATCC) were grown in Glutamax-DMEM (Invitrogen) with 15% (v/v) fetal bovine serum, at 7.5% (v/v) CO~2~ and 3% (v/v) O~2~. Cells were passaged for an additional 60 population doublings where the new PD was calculated as PD= PD at plating + \[ln (\#harvested/\#seeded)/ln 2\]. Cells from young (GM00038) and old (AG09602) individuals (Coriell Cell Repository) were cultured as above. Cells were counted with the Z1 Coulter Counter (Beckman Coulter). Retroviruses were produced and cells were infected as described [@R53]. Cells to be used for flow cytometry were fixed in 70% (v/v) EtOH and stained according to standard protocols. For cell sorting, asynchronous logarithmically growing cultures of IMR90 were labeled for 1 hour prior to harvest with 5ug ml^−1^ lipophilic Hoechst 33342. Cells were sorted into pure G1 and S-G2/M populations as described [@R12]. Bleomycin treatment was done for six days at concentrations that did not inhibit cell growth (500, 50 and 5 ng ml^−1^).

SILAC labeling {#S14}
--------------

IMR90 cells were plated at 1×10^6^ cells in 15cm dishes and grown overnight. Cells were washed twice in DPBS and new SILAC medium containing 30mg l^−1^ L-methionine-^13^CD~3~ (Sigma Isotec) and 63mg l^−1^ L-Cystine DiHydrochloride (Sigma) added. Cells were incubated for 12hrs and harvested by trypsin treatment, washed in DPBS and lysed in NuPage LDS sample buffer (Invitrogen) at 10^4^ cells per µ.

Mass Spectroscopy [@R54] {#S15}
------------------------

Histones were separated by 8--12% (v/v) SDS-PAGE and stained with Coomassie. The histone region was excised and digested by a modified in-gel digestion protocol. Briefly, gel bands were destained overnight with 50% (w/v) acetonitrile/50mM NH~4~HCO~3~. Then free primary and secondary amines were propionylated: To the gel pieces 20µl 50mM NH~4~HCO~3~ were added followed by 50µl 30% (v/v) propionic anhydride in methanol. This procedure was repeated twice. Then gel bands were washed with 100mM NH~4~HCO~3~, 50mM NH~4~HCO~3~ and 50% (w/v) acetonitrile/50mM NH~4~HCO~3~. Cysteines were reduced with 100µl 10mM dithiothreitol (DTT) at 56 ° C for 20min and then carbamidomethylated by addition of 200µl 5mM iodoacetamide in 100mM NH~4~HCO~3~ for 20min at RT, protected from light. Samples were washed twice with 100mM NH~4~HCO~3~ and twice with 50mM NH~4~HCO~3~. Then 200µl acetonitrile were added and the gel pieces shrunk on a speedvac. Enough trypsin (12.5ng µl^−1^ in 50mM NH~4~HCO~3~) was added so that the gel pieces were covered and incubated for 5min. Then the supernatant was removed, 20µl 50mM NH~4~HCO~3~ were added and the samples incubated over night at 37°C. Peptides were extracted by removal of the supernatant from the gel pieces followed by two extractions with 20µl 5% (v/v) formic acid on an ultrasonic bath for 10min. The three supernatants were combined and analyzed by mass spectrometry.

HPLC--MS {#S16}
--------

Peptide samples were analyzed on a ThermoFisher Scientific Orbitrap mass spectrometer coupled to an Agilent 1100 nano-LC pump fitted with a 12.5cm × 75µm column pulled and packed in house with Reprosil C18-AQ 3µm packing material. For quantification, mass chromatograms corresponding to expected masses of 1+ and 2+ ions \[2+ and 3+ ions for H3(27--40) peptides\] were analyzed using Xcalibur software (Thermo Electron Corp., Waltham, MA, USA). Mass accuracy was set to 20ppm. Peak areas were calculated and corrected for different mass spectrometric responses as determined by synthetic peptide standards. The total abundance of any modification was calculated from the sum of all corrected peak areas of differentially modified fragments covering a particular amino acid sequence.

Cell cycle synchronization {#S17}
--------------------------

Cells were synchronized by growing IMR90 HDFs to 50% confluence in 15cm plates and incubated overnight with 2mM thymidine (Sigma). The cells were washed three times with PBS at 37°C, and fresh medium at 37°C was added. After 9--10 hr in the incubator, 1 µg ml^−1^ aphidicolin (AG Scientific) was added for 12hrs. Finally, the cells were washed three times with PBS at 37°C, and fresh media were added.

Cell Cycle Immunoblotting {#S18}
-------------------------

Following release from aphidicolin block cells were harvested every 2 hr by trypsin treatment, washed in DPBS and lysed in NuPage LDS sample buffer (Invitrogen) at 10^4^ cells per µl. Proteins were homogenized using benzonase (Novagen), denatured for 10 minutes at 68°C and resolved by SDS-PAGE, transferred to nitrocellulose, blocked in 2--5% (w/v) BSA and 0.1% (v/v) Tween20 for 20 minutes and probed. As secondary antibodies, HPR-linked anti-rabbit or anti-mouse (Amersham) was used, and the HPR signal was visualized with Supersignal West Pico Sensitivity substrate (Pierce). Abundance of post-translational modifications was calculated relative to the total amount of that particular protein. For other proteins the enrichment was calculated relative to γ-tubulin. All comparative western images shown were processed in parallel and membranes were exposed on the same film for equal time.

Synchronized Chromatin Immunoprecipitation {#S19}
------------------------------------------

After release, cells were harvested every 2 hrs, washed with PBS, and fixed with 1% (v/v) formaldehyde in PBS for 30 min at RT. Chromatin was sonicated to an average fragment size of 500bp and precipitations were performed as described [@R55]. DNA was then used in dot-blot southern hybridization with TTAGGG and 17P (sub-telomeric) probes. For the quantifications, the enrichment of histone modifications was calculated as a percentage of total H3 signal. For other proteins, the enrichment was calculated as a percentage of input signal.

BrdU DNA Immunoprecipitation {#S20}
----------------------------

IMR90 cells were synchronized as described. Cells were incubated with 50 µM Br-dUTP (Sigma) for 1 hr prior to harvesting by trypsin treatment. Immunoprecipitation of BrdU labeled DNA was performed according to protocols outlined in [@R56]. DNA was purified by Phenol-Chloroform extraction and used for dot-blot southern hybridization with TTAGGG and 17P probes.

Antibodies {#S21}
----------

See [supplemental Table 1](#SD1){ref-type="supplementary-material"}.

Figures {#S22}
-------

Figures were generated using Adobe Photoshop and Adobe Illustrator.
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![Altered histone biosynthesis and redistribution of epigenetic marks upon chronic damage and cellular aging. (**a**) Effects of Bleomycin on histone expression. Early passage IMR90 (PD21) were subjected to 500, 50 or 5ng ml^−1^ of bleomycin for 6 days. Expression of H3 and H4 is shown. γ-tubulin serves as loading control. (**b**) Expression of H3 and H4 in early passage (PD30, PD25) and late passage (PD75, PD70) asynchronously growing IMR90 and WI38 fibroblasts. γ-tubulin serves as loading control. (**c**) Cell cycle expression of H3, H4, SLBP, Asf1a/b and CAF1p150, CAF1p60 and PCNA in PD30 and PD75 HDFs. Hours after G1/S release are indicated and corresponding cell cycle phases have been determined by FACS analysis and indicated. γ-tubulin serves as loading control. (**d**) Quantifications of cell cycle expression patterns of histones and histone chaperones from PD30 (yellow lines) and PD75 (green lines) HDFs. Shown are cell cycle patterns of H3, H4, Asf1a/b, Caf1p60, CAF1p150 and PCNA. Enrichments were calculated relative to γ-tubulin. Cell cycle phases are indicated on top and hours after release from G1/S on the bottom. Corresponding cell cycle phases have been determined by FACS analysis. The error bars represent the standard deviation of three independent experiments. (**e**) SILAC labeling of PD30 and PD75 HDFs and mass spectroscopy of histone proteins. Shown are percentages of newly synthesized histones (yellow) and histones from previous cell cycle (black). (**f**) SILAC labeling of PD30 and PD75 HDFs and mass spectroscopy of histone H3K9 and H4K20 methylation events. Shown are percentages of newly synthesized histone modifications (yellow), modifications from previous cell cycles (black) and those of mixed origin i.e. both old and new methyl groups co-exist forming me2 and/or me3 (grey).](nihms225884f1){#F1}

![Cell cycle distribution of histone modifications in early and late passage cells. (**a**) Cell cycle distribution of histone modifications in whole cell extracts from PD30 and PD75 HDFs. Shown are cell cycle patterns of modifications involved in transcriptional regulation (H3K4me1/2/3 and H3K27me1/2/3). 75,000 cell equivalents were loaded per lane and histones were visualized by ponceau staining prior to probing with primary antibodies. Hours after G1/S release are indicated and corresponding cell cycle phases have been determined by FACS analysis. Images shown represent western analysis performed, stained and exposed simultaneously to film. Quantification of western analysis can be seen in [Fig. S2](#SD1){ref-type="supplementary-material"}. Abundance of post-translational modifications was calculated relative to the total amount of that particular protein i.e. the abundance of H3K9me3 was quantified relative to total H3. (**b**) Shown are cell cycle patterns of modifications and events involved in heterochromatin regulation (H3K9me1/2/3, H4K20me3, H3K9Ac, H3S10ph, HP1α and HP1γ). Western analysis and quantifications were performed as in (A). (**c**) Cell cycle patterns of H4K5Ac, H4K16Ac, H3K56Ac, H4K20me1/2, H3K79me1/2, SIRT1 and SIRT2. Western analysis and quantifications were performed as in (A). The intensity of signals from westerns of individual modifications does not reflect the levels of each modification in the cell. However, these images reflect the levels of the same individual modification in early and late passage cells. γ-tubulin serves as loading control for SIRT1 and SIRT2.](nihms225884f2){#F2}

![DNA damage accumulation and DDR activation upon cellular aging. Expression of PCNA, Rpa32, Rad51, ATR, Rad17, Rad17-pS645, γ-ATM pS1981, Chk2-pT68, NBS1, NBS1S343ph, 53BP1, p53, p53S15ph, p21 and Cyclins A/B1/D1 in whole cell extracts of PD30 and PD75 HDFs. 75,000 cell equivalents were loaded per lane and equal loading was confirmed by ponceau staining prior to probing with primary antibodies. Hours after G1/S release are indicated and corresponding cell cycle phases have been determined by FACS analysis and indicated. γ-tubulin serves as loading control. Quantification of expression can be found in [Fig. S5](#SD1){ref-type="supplementary-material"}.](nihms225884f3){#F3}

![Telomerase expression resets late passage cells to early passage cells. (**a**) Expression of H3, H4, SLBP, Asf1, H3K79mes and H4K20mes in synchronized cells from a young (left panel) and old individual (right panel). 75,000 cell equivalents were loaded per lane and equal loading was confirmed by ponceau staining prior to probing with primary antibodies. Hours after G1/S release are indicated and corresponding cell cycle phases have been determined by FACS analysis and indicated. γ-tubulin serves as loading control. (**b**) SILAC labeling of F9 and F92 HDFs and mass spectroscopy of histone proteins. Shown are percentages of newly synthesized histones (yellow) and histones from previous cell cycle (black). (**c**) Expression of 53BP1, Rpa32, SLBP, Asf1a/b, H3, H3K79me2, H4, H4K5ac and H4K20me2 in whole cell extracts of PD85 HDFs expressing catalytically active hTERT. 75,000 cell equivalents were loaded per lane and equal loading was confirmed by ponceau staining prior to probing with primary antibodies. Hours after G1/S release are indicated and corresponding cell cycle phases have been determined by FACS analysis and indicated. γ-tubulin serves as loading control.](nihms225884f4){#F4}

![Cellular aging results in an altered chromatin landscape of human telomeres. (**a**) Synchronized ChIP experiments with chromatin prepared from PD30 (left panels) and PD75 (right panels) HDFs followed by dot-blot southern hybridization with probes to telomeric TTAGGG repeats (upper panels) and sub-telomeric 17P (lower panels). Antibodies used for precipitation are indicated on the left. Hours after G1/S release are indicated and corresponding cell cycle phases have been determined by FACS analysis and indicated. Quantification of ChIP analysis can be seen in [Fig. S5](#SD1){ref-type="supplementary-material"}.\
(**b**) DNA-IP with anti-BrdU antibodies followed by dot-blot southern hybridization with probes to telomeric TTAGGG repeats, sub-telomeric 17P and *DmGbe2* (spiked IP control) in early (PD30) and late passage (PD75) HDFs. Hours after G1/S release and cell cycle phase are indicated above the blots. Quantifications of DNA-IPs from three independent experiments are shown in the lower panel and the error bars represent the standard deviation. The signal at T=0 was deduced from each signal as background. Hours after G1/S release are indicated and corresponding cell cycle phases have been determined by FACS analysis and indicated.\
(**c**) DNA damage signals at short telomeres affect SLBP and in turn H3/H4 biosynthesis. Down regulation of H3/H4 destabilizes Asf1, leading to genome wide epigenetic changes, which amplify the damage signal during many cell cycles and population doublings. Eventually, epigenetic modifications spread into telomeres enabling association of DNA damage and repair proteins with chromosome ends. This self-perpetuating cycle continues until a critical damage threshold is exceeded, prompting exit from the cell cycle.](nihms225884f5){#F5}
